High-risk human papillomaviruses (HPVs), such as types 16 and 18 , are etiological agents of nearly all cervical cancers (49) (50) (51) . The major transforming genes of HPV-16 are the E6 and E7 genes, both of which are necessary and sufficient for the efficient immortalization of primary human ectocervical keratinocytes and human foreskin keratinocytes (HFKs) (1, 5, 15, 30) . The E7 oncoprotein has been shown to bind and degrade the retinoblastoma protein, pRb, thereby releasing repression of the E2F transcription factor and allowing cells to progress into S phase (9, 31) . However, in the absence of E6, the E7 protein has also been shown to induce apoptosis (38, 41) and to sensitize cells to tumor necrosis factor-induced apoptosis (4) . These apoptotic responses may be the consequence of E7's ability to stabilize the p53 protein (7, 18, 38, 41) , a proposal which is supported by the ability of E6 to abrogate such responses via the degradation of p53 (36, 37, 46) .
Although p53 binding and degradation were its first described activities, the E6 protein also displays biological activities that are p53 independent (11, 21, 23, 24) and interacts with many other cell regulatory proteins, some of which contain PDZ domains (13, 22, 26) . E6 transactivates the promoter of the catalytic subunit of telomerase, human telomerase reverse transcriptase (hTERT) (11, 21, 34, 43, 44) , but E6 mutants that cannot degrade p53 are still able to induce telomerase activity (11, 21, 23, 27) and immortalize HFKs in cooperation with E7 (21) . This suggests that the role of E6 in cell immortalization can at least be partially separated from p53 degradation. In agreement with this hypothesis, E6 mutants incapable of degrading p53 can still inhibit serum-and calcium-induced differentiation of HFK cells (16, 40) and a dominant-negative mutant of p53 cannot inhibit HFK differentiation (40) , transform NIH 3T3 cells, or transactivate the adenovirus E2 promoter like E6 can (39) . Thus, it appears that there are critical, p53-independent functions of E6 that are required for the induction of telomerase activity and cell immortalization.
Myc is able to substitute for E6 in the immortalization of primary HFKs when expressed in combination with E7. E6 transactivation of the hTERT promoter requires Myc as well as Myc binding sites (E boxes) on the hTERT promoter (11, 34, 43) , and both Myc and E6 are present on the activated promoter (44) . Since Myc has already been shown to transactivate the hTERT promoter independently, these findings suggest that E6 may be enhancing Myc-induced gene transactivation. To evaluate this possibility, we examined whether the overexpression of Myc could substitute for E6 in the immortalization of primary keratinocytes. Primary keratinocytes were transduced, as previously described (8) , at passage 2 with LXSN-based retroviruses containing no insert (LXSN), Myc, or HPV-16 E6 ϩ E7. Twenty-four hours later, the cells were selected in G418 and passed in culture twice. The LXSN and Myc lines were subsequently transduced with pBABEpurobased retroviruses, either control or expressing HPV-16 E7. The cells were then selected in puromycin and G418 for an additional 10 days. Cells were then passed serially in vitro to assay for immortalization. When cells reached 80% conflu-ence, they were split at a 1:4 ratio. Therefore, one split corresponds to two cell population doublings.
As shown in Fig. 1A , neither Myc nor E7 could independently immortalize keratinocytes, and these cells became senescent at approximately 25 to 30 population doublings. However, the combined activity of Myc and E7 allowed the keratinocytes to bypass senescence and become established as a cell line. As anticipated, the combined activity of E6 and E7 also generated a cell line but with no detectable crisis period.
Despite undergoing senescence, cells expressing Myc alone overexpressed the transduced gene (Fig. 1B) and exhibited high levels of telomerase activities (Fig. 1C) . Thus, similar to E6, Myc can induce very significant levels of telomerase at early times but cannot mediate cell immortalization. Interestingly, in contrast to the LXSN-or E7-transduced cells, the proliferation of Myc cells was accompanied by significant cell death during passaging, as evidenced by detached cells (data not shown). This was not observed with cells coexpressing Myc and E7, indicating that E7 can apparently dampen apoptotic signaling by Myc. Despite this apparent reduction in apoptosis, the coexpression of Myc and E7 was still characterized by a short but detectable crisis period that was not observed in E6 ϩ E7 cells (Fig. 1A) , hTERT ϩ E7 cells, or E6 mutant (p53 degradation-defective) ϩ E7 cells (data not shown).
The inability of Myc to immortalize primary HFK cells is in contrast to the findings of two recent reports that demonstrated that Myc can immortalize primary prostate and mammary epithelial cells (12, 45) . However, the efficiency of immortalization was not evaluated in these studies and, at least in the case of mammary epithelial cells, there are very significant differences from HFKs in the gene requirements for immortalization. For example, the HPV E6 gene is sufficient to immortalize mammary cells but cannot immortalize HFKs (2, 3). 
Analysis of immortalized cell lines. The immortalized
Myc ϩ E7 and E6 ϩ E7 cell lines were analyzed for expression of the appropriate transduced genes (Fig. 2) . For reverse transcription-PCR (RT-PCR) analysis of mRNA expression, RNA was harvested as previously described (23) . The primers used for RT-PCR were as follows: 5Ј-ATGTTTCAGGACCCACAG GA-3Ј (forward) and 5Ј-CAGCTGGGTTTCTCTACGTGTT-3Ј (reverse) for HPV-16 E6; 5Ј-ATGCATGGAGATACACCTA C-3Ј (forward) and 5Ј-CATTAACAGGTCTTCCAAAG-3Ј (reverse) for HPV-16 E7; 5Ј-ATGCCCCTCAACGTTAGCTTC-3Ј (forward) and 5Ј-CTGAGACGAGGATGTTTTTGATGAAG G-3Ј (reverse) for c-myc; and 5Ј-CTCAGACACCATGGGGAA GGTGA-3Ј (forward) and 5Ј-ATGATCTTGAGGCTGTTGT CATA-3Ј (reverse) for GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Immunoprecipitations (IP) and immunoblottings (IB) were performed as described previously (8) .
Compared to Myc expression in control LXSN cells, Myc expression in the Myc ϩ E7 cells was clearly increased at both the mRNA level ( Fig. 2A ) and the protein level (Fig. 2B ). In the E6 ϩ E7 cells, there was no increase in Myc mRNA expression ( Fig. 2A) and only a slight increase in Myc protein (Fig. 2B) . As anticipated, only the E6 ϩ E7 cells expressed E6 mRNA ( Fig. 2A) and protein (Fig. 2B) , and both the E6 ϩ E7 and Myc ϩ E7 cells expressed E7 mRNA ( Fig. 2A) and protein (Fig. 2B) . Thus, all the immortalized cells lines stably expressed the appropriate transgenes.
Analysis of hTERT expression and telomerase activity in the immortalized cell lines. The mRNA levels of the catalytic and template subunits of telomerase were assayed by RT-PCR as previously described (23) . The primer sets were as follows: 5Ј-GCCTGAGCTGTACTTTGTCAA-3Ј (forward) and 5Ј-CG CAAACAGCTTGTTCTCCATGTC-3Ј (reverse) for hTERT and 5Ј-TCTAACCCTAACTGAGAAGGGCGTAG-3Ј (forward) and 5Ј-GTTTGCTCTAGAATGAACGGTGGAAG-3Ј (reverse) for hTR. Telomerase activity was measured by a telomerase repeat amplification protocol (TRAP) assay as previously described (23) . The increased telomerase activity that was observed in the cell lines at early passages (Fig. 1C) was also observed at late passages (Fig. 3B ) and correlated with overexpression of cellular hTERT mRNA (Fig. 3A) . There was no observable increase in the template subunit of telomerase, hTR (Fig. 3A) , which is consistent with several previous studies indicating that hTERT is the rate-limiting factor for telomerase activity (19, 29, 32, 35, 42) . The ability of the HPV-16 E6 protein to induce the hTERT promoter is postulated to be the result of direct E6-Myc interactions at the hTERT promoter (44) . In addition, the minimal hTERT promoter exhibits an absolute requirement for the proximal E box (Myc binding site) (11, 34, 43) . These findings indicate a direct requirement for Myc in the E6 induction of hTERT, even though E6 does not increase the levels of Myc itself (11, 34, 43) . In addition, our data and previous data show that overexpression of Myc is sufficient to induce endogenous telomerase activity in primary HFKs (11) . However, the telomerase activity , and Myc by RT-PCR. Total cellular RNA was isolated using TRIzol reagent, and DNA was removed using the DNA-free kit (Ambion) according to the manufacturer's protocol. RT and PCR were performed under conditions described previously (23) . Lane M, molecular weight ladder. (B) Protein expression of transduced genes. The E6 protein was quantified by IP/IB of cellular lysates using the AU1 antibody (Covance) to detect the AU1-tagged E6 protein (4 l and 1:1,000 dilution, respectively). The E7 protein was detected by IP/IB using an anti-E7 antibody from Santa Cruz (15 l and 1:1,000 dilution, respectively). Myc protein was also quantified by direct IB, using the N-262 antibody from Santa Cruz (1:1,000 dilution). ␤-Actin was detected on a stripped direct IB using the anti-␤-actin antibody from Sigma at a 1:10,000 dilution.
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NOTES 12691 previous studies in which the level of Myc protein did not correlate with the level of telomerase activity (11) . There are several potential explanations for the dissociation of Myc levels from telomerase activity. First of all, the TRAP and RT-PCR assays are not quantitative and are not necessarily expected to generate precise correlations. Second, there may be rate-limiting accessory proteins required for telomerase activity that are induced only in the E6 ϩ E7 cells, not in the Myc ϩ E7 cells. This scenario may be plausible since the levels of hTERT mRNA in the Myc ϩ E7 and E6 ϩ E7 cells are similar despite differences in TRAP activity. Finally, until antibodies that can reliably and quantitatively detect endogenous hTERT protein are available, we cannot be certain that the levels of hTERT mRNA correlate directly with those of hTERT protein. Despite these qualifications, it is clear that the E6, Myc, and hTERT genes are sufficient to induce telomerase activity and, in cooperation with E7, to facilitate cell immortalization. Analysis of p53 protein and function in Myc ؉ E7 and E6 ؉ E7 cells. While we noted previously that Myc cells exhibited significant cell death during passaging, it was also clear that Myc ϩ E7 and E6 ϩ E7 keratinocytes did not. The ability of E6 ϩ E7 cells to bypass p53-dependent apoptotic pathways was explicable by the ability of E6 to bind and mediate the ubiquitin-dependent degradation of p53 (Fig. 4B) . However, it was unclear how the Myc ϩ E7 cells bypassed this cell death pathway. We therefore examined the Myc ϩ E7 keratinocytes to determine if p53 protein might be reduced via alternative mechanisms. Surprisingly, rather than being reduced in abundance, the p53 protein was found to be significantly overexpressed in the Myc ϩ E7 cells compared to the control LXSN cells (Fig. 4A) . There was no p53 protein detectable in the E6 ϩ E7 cells by IB as there was for the control and Myc ϩ E7 cells at the same exposure time. It is possible that this increase is due to the known ability of E7 to stabilize the p53 protein, as mentioned earlier. In addition, Myc has been shown to increase cellular levels of p53 by the induction of Arf and p53 itself (reviewed in references 14 and 33). Most recently, we also observed that the overexpression of Myc in either HFKs or human mammary epithelial cells was able to induce p53 mRNA and protein (data not shown). It appears that the p53 protein does not need to be degraded in order to permit cell proliferation, immortalization, induction of the hTERT gene, and a consequent increase in telomerase activity.
Although the immortalized Myc ϩ E7 cells contained high levels of p53 protein, there are compensatory cellular mechanisms that can functionally inactivate p53 transcriptional activity and permit continued cell proliferation. We therefore examined whether the overexpressed p53 protein was able to transactivate endogenous p53-responsive genes, such as the p21 and hdm-2 genes (reviewed in reference 14). Figure 4A shows that both the p21 and hdm-2 proteins are increased in the Myc ϩ E7 cell line compared to both the E6 ϩ E7 cell line and the LXSN control. In the E6 ϩ E7 cells, there was no or very little p53 protein present; therefore, p21 and hdm-2 proteins were undetectable ( Fig. 4A and B) . These studies suggested that the overexpressed p53 protein was transcriptionally active, at least in part. However, to confirm that the p21 and hdm-2 protein overexpression reflected increased mRNA expression, we measured the p53, hdm-2, and p21 mRNA levels using real-time RT-PCR with SYBR Green supermix (BioRad) on a Bio-Rad iQ5 system. The primer sets used were as follows: 5Ј-GGAGCCGCAGTCAGATCCTA-3Ј and 5Ј-GGG GACAGAACGTTGTTTTC-3Ј for p53; 5Ј-CTAGGAGATTT GTTTGGCGTGCC-3Ј and 5Ј-GTCCTTTTGATCACTCCCA CCTTC-3Ј for hdm-2; 5Ј-ATGTCAGAACCGGCTGGGG A-3Ј and 5Ј-GCCGTTTTCGACCCTGAGAG-3Ј for p21; and 5Ј-TCTCCTCTGACTTCAACAGC-3Ј and 5Ј-GAAATGAG CTTGACAAAGTG-3Ј for GAPDH. The quantitative data were normalized by GAPDH using the expression (⌬⌬CT) method of the Bio-Rad iQ5 system. Correlating with p53 protein levels, the p53 mRNA level was slightly increased in the Myc ϩ E7 cells compared to that in the control cells (Fig. 4C) . p53 mRNA was also increased in E6 ϩ E7 cells (where p53 is degraded by E6) by a feedback mechanism in those cells. Thus, the elevated level of p53 protein in Myc ϩ E7 cells is most likely due to a combination of increased p53 gene transcription as well as direct protein stabilization by E7. More importantly, our data demonstrate that hdm-2 and p21 mRNA levels were dramatically increased in Myc ϩ E7 cells (Fig. 4C) , suggesting that p53 is transcriptionally active in these cells. However, despite the gross overexpression of p53 in Myc ϩ E7 cells and the induction of endogenous p53 target genes, we noted that there was a twofold reduction in p53 transcriptional activity when measured with an exogenous reporter construct, compared to the control cells (data not shown). While measurement of transcriptional activity using exogenous constructs can sometimes be misleading, we speculated that it might be possible that the cell was utilizing alternative methods to downregulate p53 function.
One method to inactivate p53 is by the overexpression of the hdm-2 protein (Fig. 4A) , which is known to bind and sequester FIG. 3. hTERT expression in immortalized cell lines. (A) Total cellular RNA was isolated from the two immortalized cell lines, E6 ϩ E7 and Myc ϩ E7, as previously described (23), and the levels of hTERT and hTR mRNA were assayed by RT-PCR and compared to the LXSN control cells. Lane M, molecular weight ladder. (B) The telomerase activities of the same cells were measured using the TRAP assay as described in the legend to Fig. 1C. p53 in the cytoplasm (reviewed in references 6 and 28). To determine if the p53 protein might be mislocalized in the Myc ϩ E7 cell line, we used immunofluorescence (IF) microscopy (Fig. 4D) . The fluorescent signal with p53 antibodies was clearly increased in the Myc ϩ E7 cells compared to the LXSN cells, corroborating the results with IB (Fig. 4A) . More importantly, there was also a significant difference in intracellular localization. Myc ϩ E7 cells exhibited strong cytoplasmic fluorescence as well as nuclear fluorescence in contrast to the typical nuclear localization observed in LXSN cells. The cytoplasmic localization of p53 is best observed with merged images of Myc ϩ E7 cells stained for p53 and DNA.
We also examined the level of pRb in the cell lines and, as shown in Fig. 4A , the level of pRb was decreased (but only moderately) in both cell lines containing E7 (Fig. 4A) . In these two cell lines, the level of pRb corresponds with the level of E7 (Fig. 2B) due to the known ability of E7 to facilitate the degradation of pRb (9) . From a theoretical viewpoint, it is somewhat perplexing why E7 is required to be expressed simultaneously with Myc for cell immortalization. For example, it has been shown that hdm-2 (which is overexpressed in the Myc ϩ E7 cells) can bind and disrupt the function of pRb (48) as well as bind to and activate the E2f1/DP1 transcription factor complex (25) , making the need for E7 appear somewhat redundant. However, it is very possible that the pRb-independent ability of E7 to abolish p21-mediated cell arrest via a direct interaction or mislocalization of the p21 protein (10, 17, 47 ) is critical for cell immortalization. Further analysis of the The Myc ϩ E7 cells overexpress p53, hdm-2, and p21 proteins. IB analysis was used to quantify the amount of p53, hdm-2, pRb, and p21 in the immortalized keratinocytes. Primary cells transduced with the control LXSN retrovirus were included as a reference. IB for ␤-actin was used to standardize sample loading. Antibodies to the following proteins were used to detect the corresponding proteins: p53 (Cell Signal; 1:1,000), hdm-2 (Santa Cruz; 1:1,000), p21 (Santa Cruz; 1:1,000), pRb (Cell Signal; 1:1,000), and ␤-actin (Sigma; 1:10,000). Secondary antibodies were goat anti-rabbit antibody conjugated to alkaline phosphatase for p53 and pRb or goat anti-mouse antibody for hdm-2, p21, and ␤-actin. (B) Overexpression of p53 requires both Myc and E7. IB was used to quantify the amount of p53, pRb, and p21 proteins in HFKs stably expressing LXSN, E6, E7, or E6 ϩ E7. ␤-Actin was used for normalization of the loading control. In contrast to Myc ϩ E7 cells that markedly overexpress p53 (Fig. 4A) , cells expressing only E7 contained the same amount of p53 as control LXSN cells. Again, E6 ϩ E7 cells showed reduced p53 and p21 protein levels. (C) p53, hdm-2, and p21 mRNA levels are increased in Myc ϩ E7 cells. These RNA levels were subjected to SYBR Green-based real-time RT-PCR on a Bio-Rad iQ5 system according to the manufacturer's instructions. GAPDH was used as an internal control, and data were analyzed using the normalized expression (⌬⌬CT) method according to the manufacturer's guidelines (Bio-Rad). (D) The p53 protein is aberrantly localized in the cytoplasm of Myc ϩ E7 cells. p53 protein was localized in the Myc ϩ E7 and LXSN cell lines by IF microscopy. Cells were fixed and stained as described previously (8) Myc ϩ E7 and E6 ϩ E7 cells may uncover additional functions of E7 which are pRb independent. In summary, it is apparent that immortalization of HFK cells by E6 or Myc requires the coexpression of E7. In the case of Myc ϩ E7 cells, immortalization occurs in the presence of high levels of p53, which is functionally active, at least in part. This finding (immortalization in the presence of p53) has been strengthened by two independent experiments with hTERT ϩ E7 and E6 mutant ϩ E7 genes in primary HFKs (data not shown). This phenomenon has also been reported for E6 mutants which are defective for p53 degradation in epithelial cells (20, 21) , although these investigations did not pursue secondary changes in p53 function. Regardless, it appears that a critical activity of E6 is not only to degrade p53 but also to transactivate Myc-responsive genes such as the hTERT gene.
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